The purpose of this study was to better understand how lower body kinematics relate to peak glenohumeral compressive force and develop a regression model accounting for variability in peak glenohumeral compressive force. Data were collected for 34 pitchers. Average peak glenohumeral compressive force was 1.72% ± 33% body weight (1334.9 N ± 257.5). Correlation coefficients revealed 5 kinematic variables correlated to peak glenohumeral compressive force (P < .01, α = .025). Regression models indicated 78.5% of the variance in peak glenohumeral compressive force (R 2 = .785, P < .01) was explained by stride length, lateral pelvis flexion at maximum external rotation, and axial pelvis rotation velocity at release. These results indicate peak glenohumeral compressive force increases with a combination of decreased stride length, increased pelvic tilt at maximum external rotation toward the throwing arm side, and increased pelvis axial rotation velocity at release. Thus, it may be possible to decrease peak glenohumeral compressive force by optimizing the movements of the lower body while pitching. Focus should be on both training and conditioning the lower extremity in an effort to increase stride length, increase pelvis tilt toward the glove hand side at maximum external rotation, and decrease pelvis axial rotation at release.
Baseball pitching is one of the most dynamic overhand movements in sport. 1 The throwing motion employed by high school pitchers is typically a refined version of mechanics learned at an early age, and repeatedly subjects the shoulder to extremely high magnitudes of joint forces. 2, 3 It is currently thought that the repeated experience of these forces may be related to the high incidence of shoulder injury observed in baseball pitchers across all skill levels. 4 A number of recent investigations have examined the underlying causes of injury in high school baseball pitchers; 5, 6 however, with the increased length of competitive seasons, the incidence of major injury appears to still be trending upward. 7, 8 In older baseball pitchers (high school, collegiate, and professional), resultant joint forces within the shoulder have been postulated as an underlying cause of injury to the shoulder. 9 There is evidence that glenohumeral compressive force within the shoulder contributes to anterior glenoid labrum tears in the classic peel-back mechanism, 10, 11 as well as trauma to the cartilage ring of the glenoid fossa. 2 From a biomechanical perspective, the manner in which each segment involved in the pitching motion allows for optimal momentum transfer through larger segments to the smaller segments is commonly referred to as the kinetic chain. 12 Alterations in the kinetic chain during pitching are thought to place the shoulder at increased risk. 13 As the torso is the largest segment involved in the movement, it has been shown to have the largest contribution to the body's total angular momentum during pitching. [14] [15] [16] Thus, researchers have begun to examine the importance of the torso in the overhead throwing motion, and its influence on the high incidence of shoulder injury in baseball pitchers. [17] [18] [19] Although previous investigations have examined both the role of trunk rotation 17, 20 and the role of upper extremity kinematics on shoulder kinetics during pitching, 9 there has been limited research investigating the manner in which lower extremities and/or pelvis kinematics contribute to increased glenohumeral compressive force within the shoulder.
It is known that many of the chronic elbow and shoulder injuries are a result of lower extremity dysfunction. 21, 22 Upper extremity motor patterns and sequencing are dependent upon the pelvis and torso, and lower extremity muscle activation in a proximal to distal sequence. 23, 24 It has also been previously documented that during the pitching motion there is a definite proximal to distal (lower extremity to upper extremity) sequentiality of segmental motion that allows for ball acceleration and force production. 25 It has been proposed that injury prevention and evaluation and rehabilitation programs address the characteristics of the lower extremity and their effects on the upper extremity. Therefore, in an attempt to have a better understanding of the effects of the lower extremity, the purpose of this study was two-fold: (1) to investigate and identify those stride and pelvis kinematics that may be related to peak glenohumeral compressive force; and (2) to use the kinematic parameters correlated to peak glenohumeral compressive force to develop models explaining its variability through multiple regression analysis. The hypotheses for this study were: increased stride length would be related to decreased peak glenohumeral compressive force; increased stride angle would relate to increase peak glenohumeral compressive force; and greater magnitudes in pelvis kinematic variables would relate to increased peak glenohumeral compressive force. The final hypothesis associated with this study was that peak glenohumeral compressive force could be predicted from a linear combination of stride and pelvis variables. coincident to both the x and y axes and was orthogonal to both axes directed to the right.
To calculate the variables of stride angle and stride length, the 2 markers affixed to the distal region of the right and left shanks were used. To determine the stride length of each participant, the length of resultant vector originating at the sensor positioned on the shank of the drive leg and ending at the sensor positioned on the shank of the stride leg was utilized. This value was then normalized as a percentage of each participant's height. Similarly, to determine stride angle, the angle between the vector representing stride length and the global x-axis (directed toward home plate) was calculated and defined as stride angle. For stride angle, all resulting stride length vectors determined to be positioned on the throwing arm side of the global x-axis were defined as a negative stride angle, while all resulting stride length vectors determined to be positioned on the glove side of the global x-axis were deemed to be a positive stride angle.
The reference frame used to calculate pelvis and torso kinematics was similar to previous research. 34 In the current study, the pelvis and torso were defined as the vectors pointing from the midpoint between the right hip/shoulder toward the left hip/shoulder and rotating about the world axes. To calculate lateral flexion of both the pelvis and torso, the vector representing the pelvis/torso was projected onto the global x-y plane. The resulting angle between the vector projection and the global y-axis defined lateral flexion of the pelvis and torso. Similarly, both pelvis and torso axial rotation were calculated by projecting the pelvis/torso vectors onto the global x-z plane and determining the angle between the vector projection and the global x-axis. Convention and direction (Table 1 ) associated with the angle decomposition sequences for pelvis and shoulder movements have been previously defined. 27, 32 Peak glenohumeral compressive force was calculated using inverse dynamics techniques. 35, 36 Briefly, the torso and arm were modeled as a series of 4 rigid links. Body segment masses and inertial parameters were obtained from previous literature 37 and scaled to subject height and mass using techniques described previously. 38 For all joints, resultant forces for the torso were calculated in the global inertial reference frame and local segment-based reference frames were established for the humerus using the previously mentioned ISB standards. 27, 32 Peak glenohumeral compressive force was defined as the component of the resultant force acting along the longitudinal axis of the shoulder, directed toward the elbow. 35, 36 The data in the current study were analyzed using the Statistical Package for Social Sciences (IBM Inc., Chicago, IL). Before investigating the relationship between stride and pelvis kinematics and peak glenohumeral compressive force, the data describing these parameters were visually analyzed for normality through scatter plot analysis. Following this visual analysis, the mean and standard deviation for each variable was calculated. Pearson product moment correlation coefficients were calculated to identify those kinematic parameters that were significantly related to peak glenohumeral compressive force. Following the correlation analysis, multiple regression techniques were used to identify a main effects model best predicting peak glenohumeral compressive force within the shoulder from correlated kinematic variables. Because of the complex nature of the pitching motion, it was deemed necessary to examine the possibility of interaction effects within the final model. Thus, once the main effects model had been established, interaction terms for those kinematic variables contained within the model were developed. These interactions included 3 two-way interactions (stride length at pelvis lateral flexion; stride length at pelvis axial rotation velocity; and pelvis lateral flexion at pelvis
Methods
Thirty-four healthy high school baseball pitchers (mean age: 16.8 ± 1.4 y, height: 174.9 ± 8.3 cm, mass: 79.3 ± 8.1 kg) participated in the current study. Testing procedures were approved by the University of Arkansas (Fayetteville, AR) Institutional Review Board before participation; the testing protocol was explained to each pitcher and their parent(s) provided consent.
To collect data in the current study, a standard set of 10 electromagnetic sensors (Ascension Technologies Inc., Burlington, VT) were positioned at the medial aspect of the torso (at C7) and pelvis (at S1), the distal/lateral aspect of both the throwing and nonthrowing humerus and forearm, and the distal/lateral aspect of both the right and left thigh and shank. Subsequent to the attachment of the electromagnetic sensors, 1 additional sensor was attached to a wooden stylus and used to digitize the palpated position of the bony landmarks previously described. 26, 27 The position and orientation of the electromagnetic sensors were assessed throughout the study using MotionMonitor electromagnetic tracking software (Innovative Sports Training, Chicago, IL). This system has been shown to be a valid tool in tracking human motion through intraday interclass correlation coefficients (ICC) in excess of .96. 28 However, field distortion within electromagnetic tracking systems has been shown to cause error in excess of 5° at a distance of 2 m from an extended range transmitter. 29 Increases in instrumental sensitivity have reduced this error to near 2° following system calibration. 30 Therefore, before testing sessions, the current system was calibrated using previously established techniques. [29] [30] [31] Following calibration, the error associated with position and orientation of the electromagnetic sensors within the calibrated axes system was less than 0.02 m and 3°, respectively.
Following landmark digitization, subjects were allowed to perform their personal precompetition warm-up routine. Following the completion of the warm-up, test trials consisting of maximal effort fastball pitches delivered toward a catcher located at the regulation distance (18.44 m) from an indoor pitching mound were completed. For all test trials, pitches were delivered from the stretch position. Those data from the fastest 3 pitches passing through the strike zone were averaged for detailed analysis.
Data describing the position and orientation of electromagnetic sensors were collected at 144 Hz. Raw data were independently filtered along each global axis using a fourth-order Butterworth filter with a cutoff frequency of 13.4 Hz. 3 Throwing kinematics for right-handed subjects were calculated using the standards and conventions for reporting joint motion recommended by the International Shoulder Group of the International Society of Biomechanics (ISB). 27, 32 Filtered data describing sensor orientation and position were transformed to locally-based coordinate systems for each body segment. Euler angle decomposition sequences were used to describe the position and orientation of the pelvis and humerus as previously described. 20, 33 Angle decomposition sequencing for each segment, as well as definitions of the movements they describe, have been previously established. 20 In the current study, throwing kinematics for left-handed subjects were calculated using the same conventions and simply mirroring the world z-axis so that the position and orientation of the segments could be analyzed and described from the right-hand perspective. 27, 32 In the current study, the global axis system was defined similar to previous research, 32 with the x-axis originating at the center of the pitching rubber and directed toward the center of home plate. The y-axis originated coincident with the origin of the x-axis and was directed orthogonally to the x-axis vertically. The z-axis was defined as originating axial rotation velocity) and 1 three-way interaction (stride length at pelvis lateral flexion at pelvis axial rotation velocity).
Results
Peak glenohumeral compressive force was observed to average 1.72% ± 33% body weight (1334.9 N ± 257.5) across all pitchers. Five of the 11 kinematic variables were correlated to peak glenohumeral compressive force (stride length, stride angle, pelvis lateral flexion at foot contact, pelvis lateral flexion at maximum shoulder external rotation, and pelvis axial rotation velocity at release). For these variables, decreased peak glenohumeral compressive force was observed to correlate to increased stride length and stride angle, increased leftward lateral flexion of the pelvis at foot contact and maximum shoulder external rotation, and decreased pelvis axial rotation velocity at release (release; P < .01, α = .025; Table 2 ). Descriptive statistics for those kinematic variables correlated to peak glenohumeral compressive force were similar to those published in previous papers (Table 3) . 4, 6, 9, 11 Note. Significance is denoted at P ≤ .05 (*) and P ≤ .01 (**).
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Results of the overall regression model testing revealed that in combination, all 5 of the kinematic variables correlated to peak glenohumeral compressive force accounted for a significant magnitude of variance (R 2 = .764; F (1, 33) = 22.34, P < .001; Table 4 ). However, retrospective analysis of the correlations between these 5 kinematic variables (Table 3) , as well as additional analysis of the regression results ( Table 4 ), showed that both stride angle and lateral pelvis flexion at foot contact were significantly correlated to lateral pelvis flexion at shoulder maximum external rotation and may not have significantly contributed to the magnitude of variance explained (t-statistic resulting in a significance value greater than P = .05 and 95% CI encompassing the zero value). Because of the potential interrelationships between these variables and the physical concept linking pelvis lateral flexion at shoulder maximum external rotation to increasing shoulder kinetics, 13 both stride angle and pelvis flexion at foot contact were removed from the model and the data were reanalyzed without those variables. With these variables removed from the model, the linear combination of stride length, pelvis lateral flexion at shoulder maximum external rotation, and pelvis axial rotation velocity at release significantly contributed to explain 78.5% of the variance in peak glenohumeral compressive force (r = .886, R 2 = .785, P < .01; Table 5 ).To better describe the predictive capability of the final main effects model, the scatter plots for those kinematic variables contained within the model have been provided (Figures 1, 2, and 3) .
Results of the interaction model testing for those variables in the main effects model (Table 5 ) demonstrated that no interaction term (stride length at pelvis lateral flexion; stride length at pelvis axial rotation velocity; pelvis lateral flexion at pelvis axial rotation velocity; or stride length at pelvis lateral flexion at pelvis axial rotation velocity) significantly contributed to the explanation of variability associated with peak glenohumeral compressive force (.452 ≤ P ≤ .983). Thus, the final results of the regression analyses revealed that 78.5% of the variability in peak glenohumeral compressive force can be explained from the linear main effects model displayed in the following equation:
peak glenohumeral compressive force = 3008.17 + (-23.51) • stride length + (11.19) • pelvis lateral flexion at shoulder maximum external rotation + (0.200 • pelvis axial rotation velocity) at release, where peak glenohumeral compressive force is predicted from stride length, pelvis lateral flexion at shoulder maximum external rotation, and pelvis axial rotation velocity at release. Based on these results, it appears that pitchers may be able to decrease the magnitude of peak glenohumeral compressive force through a combination of decreasing stride length at foot contact, increasing lateral pelvis flexion to the glove side at shoulder maximum external rotation, and decreasing the velocity of pelvis axial rotation at release. Note. Significance indicated (**) at the P < .001 level for all variables but stride angle and pelvis lateral flexion at foot contact. Note. Significance of R 2 change denoted at the P ≤ .001 (**) and P ≤ .01 (*) levels. 1 One variable model, including only stride length. 2 Two variable model, including both stride length and pelvis lateral flexion at shoulder maximum external rotation. 3 Three variable model, including stride length, pelvis lateral flexion at shoulder maximum external rotation, and pelvis axial rotation velocity at release.
Discussion
The purpose of the current study was two-fold: To link kinematics of the stride and pelvis during baseball pitching to peak glenohumeral compressive force, and to use those kinematic variables related to peak glenohumeral compressive force to develop a multiple regression model explaining its variability. This investigation demonstrates that peak glenohumeral compressive force can be predicted from a linear main effects combination of lower body kinematic variables. These findings are vital; although it has been suggested that movement patterns of the torso may impact joint kinetics of subsequent segments, 12, 17 there has been no investigation into the impact of stride and pelvis parameters on shoulder kinetics. To our knowledge, this is the first investigation to examine the role of stride variables as they relate to peak glenohumeral compressive force. Because the stride phase of the pitching motion functions as a preparatory phase, allowing for optimal positioning of the pelvis, torso, and upper extremity, the retention of stride length within the model may contribute to altered peak glenohumeral compressive force in a temporal fashion. Throughout the duration of the stride, the magnitude of lateral pelvis flexion may be altered if a pitcher produces an abbreviated stride. Thus, as stride length increases, the more time the lumbopelvic hip complex will have to stabilize as the instant of shoulder maximum external rotation approaches. In addition, increased stride length may allow the throwing arm to reach an optimal angle of abduction. Previous literature has indicated that an abduction angle of 90° is optimal for decreasing shoulder kinetics. 39 Thus, as stride length increases, the amount of time available for the throwing arm to be abducted increases; this may result in pitchers achieving an angle of abduction near 90° throughout the full pitch cycle. Based on the findings of both this study and previous research, there appears to be a synergistic relationship between stride length, pelvis lateral flexion, and humeral abduction. Thus, pitchers may be able to decrease the magnitude of peak glenohumeral compressive force by producing a longer stride that may allow for optimal angles of both humeral abduction and pelvis lateral flexion to be reached.
With regard to the inclusion of pelvis lateral flexion at shoulder maximum external rotation within the current model, this finding does not support the findings of previous studies. These results contradict previous research, as it is thought that maximum elongation of the distance between the body and hand takes place during the arm-cocking phase. 13 Elongation of this distance is thought to occur as the pelvis rotates toward the target while the shoulder externally rotates and horizontally abducts. However, if the angle of lateral pelvis flexion away from the throwing arm increases at maximum external rotation, the vector representing the vertical axes of the pelvis and trunk should follow. 20 The combination of these actions may result in alterations in the vertical axis of these segments and the longitudinal axis of the humerus moving in opposite directions, facilitating an increase in the distance between these segments and throwing hand and ultimately increasing the angle of external rotation of the humerus leading to increased glenohumeral compressive force within the shoulder. However, increased leftward flexion of the pelvis may also result in less stressful orientation of the glenoid region, which would allow for the humeral head to be positioned more centrally within the glenoid, reducing the magnitude of peak glenohumeral compressive force. Thus, in an attempt to decrease peak glenohumeral compressive force, pitchers may concentrate on increasing the magnitude of pelvis lateral flexion away from the throwing arm throughout the early stages of the pitching motion.
The inclusion of pelvis axial rotation velocity in the final model is also supported by previous research. The pelvis is the foundation on which the mass of the upper body is stabilized and has been shown to contribute high magnitudes of angular momentum to the pitching motion. 16, 20 It has been suggested that the rate and timing of axial pelvis and torso rotation play a key role in the shoulder externally rotating to angles outside of its typical range of motion. 17, 40 The strong impact that pelvis motion has on subsequent upper body segments may result in an increase in the magnitudes of angular momentum being transmitted down the throwing arm. It may be that as the momentum being transferred down the arm increases due to increased axial rotation velocity of the pelvis, compressive force within the glenohumeral joint also increases in an effort to stabilize the glenohumeral joint against distraction, making the shoulder susceptible to injury. Thus, in an effort to decrease peak glenohumeral compressive force, pitchers should train for decreased axial rotation velocity with regard to the pelvis.
Perhaps the most interesting finding of the current study was the absence of interaction between those stride and kinematic variables correlated to peak glenohumeral compressive force. As the pitching motion is commonly described as one of the most dynamic skills in all of sport, 41 it is thought that complex interactions exist between the various segments involved. 42 However, the results of this study do not support this notion in terms of the predictability of peak glenohumeral compressive force from stride and pelvis variables. Thus, it may be possible for coaches, players, and clinicians to focus on individually increasing stride length, increasing pelvis lateral flexion toward the glove side at shoulder maximum external rotation, and/or decreasing pelvis axial rotation velocity at release in an effort to decrease peak glenohumeral compressive force.
It should be noted that there are 2 primary limitations associated with these results. First, although the electromagnetic tracking system used to collect data has been shown to be a valid tool for describing kinematics of human motion, there is error associated with its output. However, through the use of established calibration and data collection techniques, this error can be reduced. Use of these techniques reduced the error rate associated with sensor position and orientation in this study to levels similar to previous work. [29] [30] [31] Additionally, preliminary data have shown electromagnetic tracking as a reliable tool for use in the examination of pitching kinematics. 43 Second, although competition was simulated throughout this study, there have been differences observed in movement when performed in both a simulated competitive setting and an actual competitive setting. Although it is acknowledged that these differences may exist, the majority of the literature examining the pitching motion has been conducted in a laboratory setting. Thus, we feel the results of this study are in line with those laboratory studies previously conducted.
In summary, the findings of the current study identify the importance of the both the stride and the actions of the pelvis in influencing peak glenohumeral compressive force in baseball pitching. Based on the current study, proper instruction of pitching mechanics should include emphasis on increasing stride length and decreasing both pelvis lateral flexion at shoulder maximum external rotation (more lateral flexion toward the glove side) and pelvis axial rotation velocity at release (slowing the rate of pelvis axial rotation) in an attempt to decrease the magnitude of peak glenohumeral compressive force experienced throughout the pitch cycle. 
